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Introduction
Galanin is a biologically active neuropeptide binding to its receptors and therefore interfering with various neuronal activities. It is a product of post-translational process of 121AA long prepro-galanin and consists of 30 amino acids in humans (Evans et al. 1993) . The N-terminal part of galanin, which includes residues 1-14, is highly conserved between species and is therefore considered to play a crucial role in its biological activity and receptor interaction (Branchek et al. 2000) . The biological function of the C-terminal, which does not take part in receptor binding, is not fully known, but it has been suggested that it is involved in protecting the peptide against proteolytic attacks (Bedecs et al. 1995) . Galanin primarily plays the role of an inhibitory hyperpolarizing regulator on the release of neurotransmitters. It often inhibits the release of acetylcholine from ventral hippocampus (Fisone et al. 1987 , Laplante et al. 2004 ), norephedrine and serotonin release from LC and DRN neurons, respectively (Fuxe et al. 1998 , Hökfelt et al. 1998 , Kehr et al. 2002 , glutamate release from hippocampal and hypothalamic slices (Zini et al. 1993) , and dopamine release from hypothalamic slices (Ericson and Ahlenius 1999, Nordström et al. 1987) . Therefore, galanin has been implicated in regulating several physiological functions such as memory and cognition, seizure, nociception, spinal re flexes, a ection, feeding and hormone release (Wrenn and Crawley 2001 , Robinson 2004 , WiesenfeldHallin et al. 2005 , Robinson et al. 2006 . Consequently, galanin signaling contributes to disorders like epilepsy, Alzheimer 's disease, stroke, emotional disorders and drug addiction by signaling via its receptors (Fathi et al. 1997 , Branchek et al. 2000 , all belonging to the G-protein-coupled receptor (GPCR) superfamily. The three galanin receptors share relatively low sequence homology of 45-50% and exhibit di erences in intracellular signaling (Florén et al. 2000) . Stimulation of GalR1 or GalR3 and GalR2 has the opposite e ect on development of depressionlike phenotype (Kuteeva et al. 2008) .
Owing to its involvement in processes regulating neurotransmitters and the development of the nervous system, galanin receptors are important drug targets. Development of subtype-selective ligands is a challenging task partially due to a lack of understanding of galanin receptor subtype-specific roles in brain physiology. Despite the recent discovery of inhibitory non-peptide compounds (Konkel et al. 2006 , Zhang et al. 2009 the function of galanin receptors, finding subtypespecific, high-af finity binding compounds is highly desired. Application of molecular modeling can be helpful in identifying important interactions and pharmacophores that can be verified by, e.g., sitedirected mutagenesis. The aim in molecular docking is to find an optimized conformation for both the protein and the ligand such that the free energy of the whole system is at a local minimum (Lengauer and Rarey 1996) being one of biologically representative states. Docking plays an important role in drug design on many levels from binding sites search, through virtual screening o arge ligand libraries, and detailed studies o nteraction mechanism where finding the state in which ligand and the receptor protein are geometrically and energetically in the most favorable state is crucial for successful drug activity (Teodoro et al. 2001) .
To investigate di erences between galanin receptors and to identify key receptor-ligand interactions underlying receptor subtype specificity we have generated three-dimensional models of galanin receptors subtypes and performed for the first time flexibleligand docking studies of galanin peptide fragment (2 -6) and several other substrates. Previously published work discusses rigid protein-protein docking of galanin and exhibits limitations to study receptor specificity: Prede fined galanin geometry that cannot fit to protein increasing false-negative complex discrimination due to steric clashes and galanin receptors models build only on rhodopsin structure (Parthiban and Shanmughavel 2007) . Introduction of flexibility makes it possible to overcome the first obstacle and using recently solved structures of adrenergic receptors makes it possible to build better GPCR models (Runesson et al. 2010 ).
In addition to that, criteria such as positions of the transmembrane region in sequence alignments, volume and solvent accessible surface of binding site help to rank protein and complex models. Finally, GPCR subtype-speci fic ligand binding properties are determined by co-occurrence of residues found previously. Figure 1 illustrates the modeling strategy that we applied to study galanin receptors' ligand binding properties.
Materials and methods

Protein templates for homology modeling
The templates of the homology model chosen were: The crystal structures of the human beta2 adrenergic receptors, PDB ID: 2R4R and 2R4S ), PDB ID: 2RH1 (Cherezov et al. 2007 ); turkey beta1 adrenergic receptor PDB ID: 2VT4 (Warne et al. 2008 ) and squid rhodopsin from Todarodes paci ficus PDB ID: 2Z73 (Murakami and Kouyama 2008) . All these crystal structures belong to the rhodopsin family in the G-protein-couple receptor (GPCR) superfamily that is characterized by seven transmembrane (TM) ahelices (Probst et al. 1992.) . The structure files were downloaded from PDB (Berman et al. 2000) . The sequence identities of GalR with the templates were between 23 and 28% (Table I ). For modeling, both multiple and single sequence alignments were used.
Sequence alignment and topology prediction
Sequence alignment between galanin receptors and the templates were created using Kalign 2.0 (Lassmann and Sonnhammer 2005) , a method employing the Wu-Manber string-matching algorithm. TMHMM 2.0 (Krogh et al. 2001) and Topcons (Bernsel et al. 2009 ) were used to obtain transmembrane topology prediction of the receptors. TM segments were identified by combining the predicted TM topology predictions for the galanin receptors with the TM segments observed in the crystal structures of the templates. These were then used to manually alter the multiple sequence alignments with the aim to align the helical regions and loops of the sequences and simultaneously reduce the gaps present within helical regions. Additional factors such as conserved residues among GPCRs suggested to be involved in important structural and functional features were also considered (Baldwin 1994) . In particular, we used a pair of cysteine residues creating a disul fide bond between extracellular loop (ECL) 1 and ECL 2 present in all three galanin receptors and two known motifs found in GPCR family also present in galanin receptors: DRY motif at the boundary of TM helix 2 and intracellular loop 2, known to be important in receptor signaling; and NPXXY motif at the C-term end of TM helix 7, which is known to play a signi ficant role in signaling and receptor activation (Gales 2000 , Fritze et al. 2003 .
Structure prediction, validation criteria and comparison of receptors
The three-dimensional structural models for the three galanin receptors GalR1 (349 AA), GalR2 (387 AA), and GalR3 (368 AA) were built with MODELLER9v1 (Eswar et al. 2007 ). Initially, five models were built for each receptor and template. Best models were identi fied using a combination of model quality scores: The Discrete Optimized Protein Energy (DOPE) score, a statistical potential used to assess homology models (Eswar et al. 2007 ), the GA341 score, a method used for model assessment based on the percentage sequence identity between the template and the model (Melo et al. 2002) , and by visually inspecting the model, in particular the binding site region. To control the quality of models, we checked whether specific residues implicated to be involved in ligand binding were accessible (Table II) . Finally, loop re finement was applied to ECLs and to the N-termini. The loops with the lowest energies were used in the final model.
The receptors ' structures were compared by calculation of displacement and inter-atomic contacts of corresponding amino acid side chains. Two residues were assumed to be in contact if any of the atoms were within 4.0Å. A list o nteracting residues includes those found in mutation studies of galanin receptors (Table II) .
All cavities were detected automatically without preselecting any binding residues by CASTp program (Dundas et al. 2006) .
Ligands selected for docking
The applicability of flexible ligand docking is limited to systems with maximally 32 rotatable bonds. When selecting all s -s and p-s bonds as rotatable in the galanin case this limit is reached by the five first amino acids. It has been shown that the first glycine moiety does not play an important role in binding (Wang et al. 1997) . Therefore, the five amino acidlong galanin fragment (WTLNS) starting from 2nd position in the sequence was chosen for the docking studies. Additional ligands selected for docking include the agonist compound galnon (Saar et al. 2002) , the RGRGNW peptide, i.e., the first six residues of M1145 (Runesson et al. 2009) , in which Gly1 is substituted with five AA long amphipathic peptide RGRGN, and two synthetic compounds, the (Konkel et al. 2006) . As for the SNAP398299 compound, two docking conformations were chosen for the docking to GalR3, the linear conformation of the ligand, which is energetically and sterically preferred, and the bent conformation. All ligands were built using the Maestro program and were minimized with the OPLS2005 force field using Ligprep (Schrodinger, LLC, NY, USA). In all cases e ect on binding af finity and receptor function was determined in mutation studies: 1 (Berthold et al. 1997 ), 2 (Church et al. 2002) , 3 (Kask et al. 1998 ), 4 (Lundström et al. 2007 ) and 5 (Runesson et al. 2010 ).
Docking
The docking o igands into receptor structure was performed using Glide (Schrodinger, LLC, NY). Protein Preparation Wizard was applied to initial preprocessing and optimization of hydrogen bond network followed by energy minimization with OPLS2005 force field. Next, using the receptor grid generation tool, a grid representing intermolecular interactions was prepared with the grid box being centered on selected residues in the binding site. Optimized ligands were subsequently docked to the receptor selecting the XP mode. The molecular docking was carried out without any constraints. Post-docking minimization was performed and ligands with root-mean-square deviation (RMSD) < 0.5Å were discarded to avoid similar poses. Analysis of the docking results was based on three factors including estimation o igand binding energy, contact analysis, and clustering of docked poses. First, most poses tend to share one of preferred orientation in the binding pocket; thus, RMSD clustering was employed to select representatives of each cluster and narrow down the number of possible solutions. Secondly, Glide score and E-model scoring functions produced independent binding energy rankings of all poses and clusters. The Glide score is preferred in predicting di erences inbindingaf finities between di erent ligands while E-model, which is a combination of energy grid score, Glide score, and the internal energy of the ligand, is preferred at ranking di erent poses of the same ligand (Halgren et al. 2004) . Interactions with key residues as found in literature served as additional criteria. Low energy clusters with members showing preference in binding to these residues were preferred. All Figures presenting 3D structures of protein and complexes were created with Pymol (De Lano 2002).
Results
Galanin receptors sequence alignment
The sequence identities between GalR1 and GalR2 and between GalR1 and GalR3 are 37% and 33%, respectively, while GalR2 and GalR3 share a higher degree o dentity at 55% (Table I) . The lowest similarity is observed at the N-and C-terminal. In Figure 2 , TM helices are represented by rectangular boxes indicating the start and end of each helix and are connected with convex or concave lines representing extracellular and intracellular loops. Multiple sequence alignments were modi fied to remove gaps to improve alignment of TM domains (according to TM prediction). Applying this strategy improved modeling of helices that tend to be broken in unsupervised models. Nevertheless, final definitions of TM domains di er slightly between predictions produced by TMHMM and Topcons (blue) and in the final model (red) (overall helices tend to be longer than predicted). Most importantly, modified alignments result in potential binding residues placed in receptor cavities. Multiple sequence alignments of target and template sequences before and after manual alignment correction for each receptor subtype are shown in Supplementary Figures S1 -3 (available online).
General characteristics of receptor models
The three-dimensional models for each galanin receptor subtype were built based on manually adjusted multiple sequence alignments. Details of selection process are described in the Supplementary Data, available online. All finally selected models share the common structural features known to GPCR, consisting of an extracellular N-terminus, seven TM helices connected by three intracellular loops and three ECLs, and ending with an intracellular C-terminus (Probst et al. 1992) . In all three cases, the seven TM a -helices are arranged compactly forming the core of the receptor, and are arranged in a counterclockwise fashion when viewed from the extracellular side, agreeing with the helical and loop arrangements observed in GPCR (Baldwin 1993 , Schwartz 1994 , Palczewski et al. 2000 . Also, the helix at the C-termini parallel to the membrane, known also as helix 8 is present in all models. This helix is observed in all currently available crystal structures and it has been suggested that it acts as a conformational switch for the receptor (Krishna et al. 2002) .
The lengths of C-and N-termini are varying between the three receptor subtypes. At the C-terminal, 37 residues in GalR1, 30 residues in GalR2 and 13 residues in GalR3, are not modeled. Since the Nterminal may play an important role in ligand binding, it is incorporated in receptor models and is 80 residues long in GalR2, 62 residues long in GalR3 but only 47 residues long in GalR1.
Finally, our galanin receptor models are in accordance with the positive-inside rule (von Heijne 1989). The number of positively charged residues found on the helices at the boundary with the intracellular side (15 for GalR1, 11 for GalR2, and 11 for GalR3) is higher than on the boundary with the extracellular site (four for GalR1, three for GalR2, and six for GalR3).
Comparison of binding sites
In order to compare binding sites of the three galanin receptor subtypes, we calculated volumes of binding cavity and compared residues responsible for receptor activity. Visual inspection revealed the binding cavity in GalR3 as much narrower than in the other two receptors (Figure 3) . In order to quantify these differences, solvent accessible surface and volume of binding pockets were calculated using the CASTp program. Among all cavities detected, those on the extracellular site were summed up and their total volumes and surfaces are presented in Table III . The selection of loops in the modeling procedure was guided to favor a larger volume of resulting models (see minimal and maximal V before and after loop refinement in Table III ). The volume of the GalR2 binding cavity is roughly twice the size of GalR1 and three times larger than the cavity volume of GalR3. However, the solvent accessible surface area of the GalR3 cavity is of similar size as in GalR1, indicating the narrow and tunnel-like shape of the binding cavity. Such a cavity would prefer longer but not bulky ligands, whereas GalR1 should be less specific in ligand shape recognition.
Analysis of sequence alignments reveals almost perfect concordance of TM helices 1-3, which is reflected by the smallest differences in predicted structures. The region between ECL2 and TM helix 7 is more variable and contributes to receptor subtype specificity by both affecting binding cavity size as well as changing the pattern of ligand interacting residues. In comparison with GalR2, the largest changes are contributed by ECL2 residues: Tyr177 and 173 for GalR1 and by corresponding Tyr161 and Tyr166 in GalR3. In GalR1, the pocket is more shallow than in GalR2 due to orientation of Tyr96 (TM helix 2), Met119 (TM helix 3), His264 and His267 (TM helix 6) and His289 (TM helix 7). Similarly, in GalR3 the deepest part of the cavity is different mainly due Tyr103 and His99 (TM helix 3), Ile255 (TM helix 6) and Arg273 and His 277 (TM helix 7). In addition, the upper part of the cavity is made narrow by residues close to the N-termini: Pro12, Phe24 (TM helix 1), Tyr83 and Gln79 (TM helix 2) and Leu274 (TM helix 7). Thus orientation of these Figure 2 . Multiple sequence alignment between the three galanin receptors and template structures (2R4R, 2RH1, 2ZIY). Rectangular boxes show the start and end residue positions for each transmembrane helix of GalR1, GalR2, and GalR3 subtypes. Convex lines connecting boxes denote the extracellular loops and the concave lines denote the intracellular loops. Colours highlight specific residues: in yellow -motifs characteristic to GPCR receptors; in blue -start and end of the transmembrane helices predicted by TMHMM; in red -start and end of the transmembrane helices in our models of the receptors; in green -overlap of residues in blue and red. Amino acids compared in Table IV are highlighted in purple; in italic are residues tested in site-directed mutagenesis studies (Table III) ; in bold are residues in direct contact with ligands as found by docking (Table V) particular residues may in fluence residue subtype specificity, even though the backbone structures of TM segments are perfectly overlapped in all cases.
Secondly, we calculated the RMSD of corresponding residues using the assumption that binding site residues that are the key for receptor activity should be exposed in order to interact with ligands. Figure 4 shows a comparison of some side chains arrangements after alignment of receptors TM domains; all comparisons are listed in Table IV . As expected, the largest di erences were observed between amino acid in ECLs with the exception of a few hydrophobic residues in ECL3 that share similar orientation in all receptor subtypes. Overall, the smallest di erences can be seen between conserved residues in TM helices 6 and 7 that participate in ligand binding (Table IV) . For example, in both GalR1 compared with GalR2 and in GalR2 compared with GalR3 corresponding His residues are well aligned (RMSD < 1.5Å). Clustering of hydrophobic residues plays a role in all receptor subtypes but precise placement of side chains is not required. Positions of corresponding Phe, Tyr and Ile residues in TM helix 6 and ECL3 are relatively more similar in comparison of GalR1 and GalR3 (RMSD < 6Å) than in comparisons between GalR1 and GalR2 and between GalR2 and GalR3 (RMSD > 7Å). A detailed description of the di erences is presented in Supplementary Data, online.
Docking
To investigative the binding properties of galanin receptors, we docked galanin(2-6), peptide RGRGNW, galnon, SNAP37889 and SNAP398299, to two sets of models (with and without disul fide bonds) of galanin receptor subtypes. Disul fide bond is predicted by similarity to other GPCRs to link TM helix 2 with ECL 3 (108 -187 in GalR1). None of the ligands were able to dock inside the binding pocket when disul fide bond was present. All ligand poses were scattered outside of the pocket and no significant clusters were found proving lack of specificity in binding.
Docking to models without disul fide bonds reveals ligands buried in the central cavity to degree depending on ligand size and cavity dimensions (Figure 3) . Each docking yields a number of clusters showing a general reproducibility o igand binding modes. The ligands are stabilized in the binding pocket through hydrogen bonding and van der Waals, p-p and polar interactions. The docked poses were clustered and the cluster with the best E-model score was selected for further studies.
The docking studies show that the receptor subtypes have di erent ligand affinities. They di er in binding energy and specificity, estimated by the presence of hydrogen bonding or other orientation-dependent interactions, and in binding precision, smaller number of more populated clusters vs. large number o ower populated clusters (see Supplementary Data for  detailed description as well as Tables S1, S2 and S3, available online). RGRGNW binds more speci fic to GalR2 than to GalR1, and shows no binding to GalR3. Di erences are present also for docking of galanin(2-6), which binds less speci fic to GalR1 and GalR3. The synthetic indol-2-one analogs and galnon are generally less specific binders than RGRGNW and galanin(2-6). We did not detect any speci ficity in SNAP37889 binding. SNAP398299 binds slightly more specific to GalR1 and galnon to GalR2. If ligands are sorted by binding affinity to respective receptor subtypes, the order can be formed as follows: In bold: residues predicted by docking and veri fied experimentally in mutation study (Runesson et al. 2010 ). In italic: remaining mutations studies (see Table III ).
Detailed pattern o nteractions
Persistent interaction o igands with speci fic residues may indicate they importance in receptor function; most commonly interacting residues are collected in Table V .
Here we brie fly discuss ligand binding in GalR1 and GalR2. Experimentally validated predictions of GalR3 residues are presented elsewhere (Runesson et al. 2010) . Site-directed mutagenesis and molecular modeling of GalR1 localize potential binding sites at the extracellular loops and the superficial regions of the receptor (Berthold et al. 1997 , Kask et al. 1998 . From our docking studies of GalR1, we were able to identify a number of aminoacid residues that may play a role in ligand binding (pharmacophores); h-bonding of Gln92 and Tyr96 in TM helix 2, h-bonding Cys108 and hydrophobic interactions of Met119, Phe115 and Thr116 in TM helix 3, hydrophobic Val206 in TM helix 5 and p-p interacting His267 in TM helix 6. Interestingly, two of the selected pharmacophores were confirmed by previous experimental work. When studying GalR1 subtype, a binding site for galanin suggests residue His267 in TM helix 6 to be involved in binding of synthetic compounds (Kask et al. 1998 ). In addition, Phe115 has been proposed to play a role in galanin binding (Berthold et al. 1997) and is structurally important for the binding site of the receptor (Church et al. 2002) .
Subsequently, potential pharmacophores were identified in GalR2: hydrophobic interactions of Met109 and Phe106 in TM helix 3, h-bonding Thr173, Tyr160, and Tyr164 in ECL 2 and hydrogen bonding Asp188 and Thr191 in TM helix 5. Two other residues identi fied as important in GalR2 ligand binding are located in TM helix 6: Ile256 (hydrophobic interaction) and His253 (cation-p). Alanin mutagensis of Ile256 results in loss of binding and receptor activation by GalR2 selective galanin(2-11) and also the cause for a lower binding affinity for full length galanin (Lundström et al. 2007) . Also, alanin mutant of His253 results in a complete loss of galanin binding (Lundström et al. 2007 ).
Both His253 in GalR2 and His264 in GalR1, interact with the tryptophan residue in galanin(2-6). In a ligand binding study of GalR2 (Lundström et al. 2007) , two conserved histidine residues in TM helix 6 -His253 and His252 -were shown to be significant in ligand binding to GalR2, and were previously suggested to interact with tryptophan in the galanin peptide (Berthold et al. 1997 , Church et al. 2002 . These findings indicate a possible parallel role of His264 in GalR1.
Discussion
The use of multiple crystal structures of GPCRs in the structure prediction process enabled us to create improved structures of the three galanin receptors. The quality of the models was controlled in three steps: Energy, cavity volume and orientation of specific residues. Models of GalR1 and GalR3 have similar properties (cavity volume and arrangement of specific residues in binding sites) and are remarkably di erent from GalR2.
The major dif ficulty in getting the correct models representing receptor's open state lay in the incorporating of extracellular disul fide bond predicted by similarity to other GPCR structures. In docking to models without disul fide bond, all ligands under study were docked inside a binding pocket formed in between in the core of the receptor; large peptide ligands interact at the same time with the TM helices and extracellular loops. This characteristic binding is also postulated for other neuropeptides including NPY (Sautel et al. 1995 , Sjödin et al. 2006 , angiotensin (Clément et al. 2005) , and somatostatin (Strnad and Hadcock 1995) . However, docking to models with this disul fide bond present yielded no good binding poses for any ligands, indicating that the reduced form must exist for ligand binding.
Galnon was found to be amongst the best binders, binding with approximately equal energy and mode to all three galanin receptors, thus not showing any particular selectivity for any of the receptor subtypes. This con firms previous findings where galnon was binding to other receptors, consequently leading to a decrease in its usefulness in binding studies (Florén et al. 2005 , Lu et al. 2005 . From the two non-peptide antagonists: SNAP37889 and its variant SNAP398299, the latter binds stronger to all receptors. The di erence is most clearly noted in a more specific binding to GalR1 and GalR3. Simultaneously the binding specificity of galanin(2-6) decreases in following order: GalR2 > GalR3 > GalR1, i.e., SNAP398299 binds to GalR3 with more speci ficity, as is confirmed experimentally (Konkel et al. 2006) . Finally, RGRGNW binds more speci fically to GalR2 than to GalR1, and shows no binding to GalR3. This observation is in accordance with a study of binding to galanin receptors in cellular models presenting M1145 as GalR2-speci fic agonist (Runesson et al. 2009 ). Experimental studies also show that the galanin peptide binds with a high affinity to all three galanin receptor subtypes. The shortened N-terminal versions of galanin, galanin(1-16) have been shown to bind equally well to GalR1 and GalR2 as compared to non-truncated version (Wang et al. 1997) . A much stronger e ect is observed for truncation of the N-terminal glycine; galanin(2-11) completely loses affinity towards GalR1 (Liu et al. 2001 ). Both of these facts are reflected in our study: galanin(2-6) binds significantly stronger to GalR2 and with a lower binding energy for the GalR1 and GalR3 subtypes. This di erence for receptor subtype selectivity of shorter galanin fragment may be explained by the influence of non-specific binding of the highly hydrophobic AGYLLGP-galanin(7-13) over less hydrophobic C-termini. Binding mode could be reverted with hydrophobic residues packed together and C-termini more likely packed on the top of receptor ECLs and exposed to solvent. Moreover, the volume of the central cavity and space in between ECLs allows fitting of at most penta-or hexapeptide. Other peptides known to interact with galanin receptors could potentially adopt a similar mode of binding. Galanin-like peptide (GALP) (Lawrence and Fraley 2010) , for instance, is twice as long but contains fragment (33 -46) identical with galanin. Ligand docking attempts to dock longer galanin peptides to the receptors failed as the proposed helical model of the N-terminal region of galanin was not able to enter the binding pocket in any of the receptors, which questions validity of the previously proposed helical galanin structure (Morris et al. 1995 , Ohman et al. 1998 . Both unconstrained geometry optimization and flexible ligand docking presented here do not prefer helical conformation.
In comparison o igand binding across the three galanin receptors, the most favorable binding energies were assigned to GalR2 complexes. However, this does not imply ligand selectivity for the GalR2 subtype. In particular, indol-2-one analogs (Swanson et al. 2005) were reported as selective activators of GalR3, while the N-terminal truncated galanin(2-29) shows higher af finity for GalR2 (Wang et al. 1997 ). This observation may be explained by our docking results presenting favorable pharmacophores in the binding pocket of GalR2 enabling high affinity binding of a number o igands inside the cavity of the receptor.
Conclusions
By applying homology modeling, we were able to build three-dimensional structures of the three human galanin receptor subtypes. Docking o igand to these models has drawn a more detailed picture of the binding pocket of galanin receptors and of the ligand-receptor interactions, which is a good starting point for any drug design strategies. On the other hand it may serve as a reliability test for the receptor model by itself. The protocol was positively veri fied on GalR3. Competitive binding studies of GalR3 mutants allow us to predict residues crucial for receptor activity (Runesson et al. 2010) .
